Telomerase activation is thought to be a critical step in cellular immortalization and carcinogenesis. The human telomerase catalytic subunit (hTERT) is a rate limiting determinant of the enzymatic activity of human telomerase. In the previous study, we identified the proximal 181 bp core promoter responsible for transcriptional activity of the hTERT gene. To identify the regulatory factors of transcription, transient expression assays were performed using hTERT promoter reporter plasmids. Serial deletion assays of the core promoter revealed that the 5′-region containing the E-box, which binds Myc/Max, as well as the 3′-region containing the GC-box, which binds Sp1, are essential for transactivation. The mutations introduced in the E-box or GC-box significantly decreased transcriptional activity of the promoter. Overexpression of Myc/Max or Sp1 led to significant activation of transcription in a cell typespecific manner, while Mad/Max introduction repressed it. However, the effects of Myc/Max on transactivation were marginal when Sp1 sites were mutated. Western blot analysis using various cell lines revealed a positive correlation between c-Myc and Sp1 expression and transcriptional activity of hTERT. Using fibroblast lineages in different stages of transformation, we found that c-Myc and Sp1 were induced to a dramatic extent when cells overcame replicative senescence and obtained immortal characteristics, in association with telomerase activation. These findings suggest that c-Myc and Sp1 cooperatively function as the major determinants of hTERT expression, and that the switching functions of Myc/ Max and Mad/Max might also play roles in telomerase regulation.
INTRODUCTION
Telomeres form the ends of eukaryotic chromosomes, composed of tandem arrays of telomeric repeats (1) . They are believed to protect against random fusion events and degradation and to stabilize chromosome ends (2) . Since DNA polymerase fails to fully synthesize DNA termini, human telomeres in somatic cells undergo progressive shortening with cell division (3) . Telomere shortening has been proposed to be a mitotic clock marking progression of a cell toward the end of its replicative lifespan, and it has also been proposed that critically short telomeres trigger cellular senescence and crisis. Synthesis and maintenance of telomeric repeats are mediated by a specialized ribonucleoprotein complex known as telomerase (1) . Since activity of telomerase is usually repressed in normal somatic cells, most cells undergo replicative senescence after a definite number of cell divisions. Unlike in normal cells, telomerase is activated in most malignant tumors and tumor-derived cell lines (4, 5) . Telomeres in tumor cells are relatively short but maintain a certain length, probably as a result of the function of telomerase. These findings suggest that telomerase activation is involved in the attainment of cellular immortality, and that it may therefore be a critical step in carcinogenesis (6, 7) .
Recently, three major subunits comprising the human telomerase complex have been identified. The RNA component of human telomerase (hTR) provides the template for telomere repeat synthesis (8) . Telomerase-associated protein (TP1) has also been cloned as a component of telomerase, the function of which remains unclear (9, 10) . The most important component responsible for the enzymatic activity of telomerase is human telomerase reverse transcriptase (hTERT) (11, 12) . Recent studies have found that hTERT is expressed in most malignant tumors but not in normal tissues and that expression of hTERT is closely associated with telomerase activity, while two other factors are constitutively expressed in both tumors and normal tissues (13) (14) (15) (16) (17) . These findings suggest that hTERT is a rate limiting determinant of enzymatic activity of telomerase. Analysis of the mechanisms by which hTERT is activated is essential for understanding the molecular basis of telomerase activation and carcinogenesis. Recently, we cloned the 5′-flanking sequence of hTERT. Interestingly, transcriptional activity of hTERT was dependent on the proximal 181 bp region of the promoter, which was essential for transactivation in immortalized and cancer cells (18) . This promoter region contains E-boxes and GC-boxes, the consensus binding sequence for Myc and Sp1, respectively. In the present study, we attempted to identify the transcription factors directing hTERT expression and found that Myc and its network proteins as well as Sp1 play crucial roles in the regulation of hTERT transcription during carcinogenesis.
MATERIALS AND METHODS

Cell lines
C33A, ME180, HeLa and SiHa cells were obtained from the American Type Culture Collection, and were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum in the presence of 5% CO 2 . Normal human primary keratinocytes (NHK) and fibroblasts (NHF) and normal human renal cortical epithelial cells (HRCE) were purchased from Clonetics (San Diego, CA) and were grown according to the supplier's protocol. Cell lineages of normal skin fibroblasts in different stages of transformation were developed by the introduction of SV40 large T antigen (SV40 LT) (18) .
Plasmid construction
The structures of the hTERT promoter-luciferase constructs are shown in Figure 2 . Various lengths of DNA fragments upstream of the initiating ATG codon of the hTERT gene were PCR amplified and inserted into luciferase (LUC) reporter vector pGL3-Basic, a promoterless and enhancerless vector (Promega). pGL3-Control (Promega) was used as a positive control plasmid. For the construction of reporter plasmids containing substitution mutations in factor binding sites, sitespecific mutagenesis was performed by a PCR-based protocol (19) . The c-Myc, Max and Mad1 expression vectors (pEFMyc, pEF-Max and pEF-Mad) were constructed as described previously (20) , with each cDNA driven by the elongation factor (EF) promoter. The Sp1 expression vector (pPacSp1) was provided by Dr R. Tjian (Howard Hughes Medical Institute, University of California, Berkley, CA).
Luciferase assay
Transient transfection of luciferase reporter plasmids was performed using LipofectAMINE (Gibco, Gaithersburg, MD) according to the protocols recommended by the manufacturer, or by the calcium phosphate precipitation method (21) . Luciferase assays were performed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI), in which Renilla luciferase plasmids were co-transfected as a control plasmid to standardize the transcription efficiency. All experiments were performed at least three times in each plasmid and represent the relative luciferase activity as an average.
Gel shift assay
Nuclear extracts were prepared from C33A cells as previously described (22) . Recombinant c-Myc or Max proteins were expressed as MBP or GST fusion proteins, respectively, in Escherichia coli and were treated with Pre-Scission protease for purification. Twenty micrograms of nuclear extracts or 10-50 ng of recombinant proteins were incubated with 0.5 µg of poly(dC·dG) in the presence or absence of unlabeled competitors on ice for 20 min in a 25 µl reaction volume containing 4% Ficoll 400 (Pharmacia), 25 mM HEPES (pH 7.9), 50 mM KCl, 1 mM EDTA, 1 mM dithiothreitol and 4 mg/ml bovine serum albumin. Following incubation, 5000 c.p.m of 32 P-end-labeled oligonucleotide probes (5′-GC-GCTCCCCACGTGGCGGAGGG-3′) containing the E-box in the core promoter at -165 were added and the reactions incubated at 4°C for an additional 20 min. The underlined sequences of the probes were altered to TTT in the mutated oligonucleotides for competition assay. Following electrophoresis on a 4% polyacrylamide gel, the gel was dried and subjected to autoradiography. The Myc/Max consensus and its mutant oligonucleotides (sc-2509 and sc-2510; Santa Cruz) or specific antibodies against c-Myc (N-262; SantaCruz) and Max (C-124; SantaCruz) were added to the binding reactions for competition or supershift assays, respectively.
Western blot analysis
For western blot analysis for c-Myc, Max and Sp1 expression, cell extracts from a variety of cell lines were prepared by the method of Schreiber et al. (23) . Twenty micrograms of proteins were electrophoresed on a 10% SDS-polyacrylamide gel and transferred to polyvinylidine difluoride membranes. Filters were incubated with the specific antibodies against c-Myc (N-262), Max (C-124) and Sp1 (PEP2; SantaCruz) followed by reaction with horseradish peroxidase-linked anti-rabbit IgG. Immunoreactive bands were visualized using the ECL detection system (Amersham) as suggested by the manufacturer.
RESULTS
Identification of cis elements in the core promoter of the hTERT gene essential for transcriptional activation
In a previous study, we cloned 3.3 kb of 5′-flanking sequences of the hTERT gene (18) . We identified a transcription start site 77 bp upstream of the ATG initiation codon. The first base in the mRNA is labeled +1, while the first base of the promoter is labeled -1. Deletion analyses of the hTERT promoter revealed that the proximal 181 bp region spanning -181 to -1 functions as a core promoter, which is active in immortalized and cancer cells but not in normal cells (18) . The core promoter is GC-rich and lacks TATA boxes (Fig. 1 ). In the previous gel shift assays, we found that Sp1 specifically binds to GC-boxes at five sites (Fig. 1 ). We also found that E-boxes (CACGTG), which are known to bind factors such as Myc and Max by a basic helix-loop-helix leucine zipper domain (bHLH-Zip), are located at -165 in the core promoter as well as at +44 in the 5′-untranslated region (5′-UTR).
To determine the cis elements essential for transcriptional activation of hTERT, luciferase assays were performed with reporter plasmids with serial deletions of the core promoter using a variety of cell types (Fig. 2 ). An E-box is located at the 5′-end of the core promoter, and deletion of this site (p150) resulted in a 60% reduction in transcriptional activity in C33A and ME180 cells. Abrogation of this E-box by substitution mutations as shown in Figure 1 (Myc-MT1) led to a 70% reduction in transcriptional activity, suggesting that this E-box is essential for transactivation. In contrast, these deletions or mutations had only marginal effects in SiHa cells, suggesting that the role of this E-box depends on cell type. The effects of mutations in another E box at +44 (Myc-MT2) on transcriptional activity were also cell type-specific, and only marginal changes in transcription were observed in C33A and SiHa cells, while 60% reduction was observed in ME180 cells. Further deletions of the core promoter from -150 to -32 led to only a slight reduction in transcriptional activity in C33A and ME180 cells. In all types of cells examined, the most proximal 32 bp region (p32), containing a GC-box which binds Sp1 (18), retained 20-40% of the transcriptional activity of p181, while the 5′-UTR (p+18) by itself appeared to have no significant transcriptional activity. Abrogation of each Sp1 site by substitution mutation (Sp1MT1-Sp1MT5) reduced transcription to various extents, while that of all Sp1 sites (Sp1MT1-5) led to a >90% loss of transcriptional activity. These findings suggest that the 5′-region of the core promoter, containing an E-box, as well as the most proximal 3′-region, containing a GC-box which binds Sp1, are important for transactivation and that multiple Sp1 sites function as potent cis-acting elements.
Myc/Max specifically binds the E-boxes in the hTERT promoter
Initial gel shift analyses in our previous study using the E-box at -165 as a probe revealed binding of an unknown factor, which was competed by Myc/Max consensus oligonucleotides but not by anti-Myc or anti-Max antibodies (18) . However, gel shift analyses in the present study using increasing amounts of nuclear extracts from C33A, with some modifications of binding conditions, revealed an additional band with slower mobility on the same probe (Fig. 3A) . This band was competed by homologous competitors as well as Myc/Max consensus oligonucleotides, but not by mutated oligonucleotides in which the E-box sequences were altered. The band was also competed by addition of antibodies against c-Myc and Max. These findings suggest that a Myc/Max heterodimer binds to the E-box at -165. Binding of Myc/Max to another E-box in the 5′-UTR was also observed, but with lower binding activity (data not shown). This binding was further confirmed using recombinant proteins. Three major bands (bands A-C) were observed using purified cMyc and Max proteins (Fig. 3B) . The fastest migrating band (A) was observed using only Max protein, sometimes coupled with an extra band with similar mobility. The two more slowly migrating bands (B and C) appeared on addition of c-Myc. No band was observed with only c-Myc protein. These three (or four) bands were competed by homologous competitors or Myc/Max consensus oligonucleotides but not by mutated oligonucleotides in which the E-box sequences were altered. Band C was supershifted by addition of anti-c-Myc antibody, while all the bands were supershifted by addition of anti-Max antibody. Based on these results, we conclude that band A was derived from the Max/ Max homodimer, while the coupled extra bands may be products of degradation, and band C was derived from the Myc/ Max heterodimer. The identity of band B remains unclear, but this band may also be products of degradation of Myc/Max, since recombinant Myc proteins are extremely unstable and easily degraded (24) . Taken together, these findings suggest that the Myc/Max heterodimer and Max/Max homodimer can bind E-boxes in the hTERT promoter.
Myc/Max and Sp1 activate hTERT transcription while Mad/Max represses it
Myc proteins belong to the bHLH-Zip family, members of which bind to E-boxes and regulate transcription of target genes as obligate heterodimers with a partner protein, Max (25) . Max is also a bHLH-Zip family member and can also form heterodimers with proteins of the Mad family (26, 27) . To examine the roles played by these proteins in transcriptional regulation of hTERT, expression vectors for c-Myc or Mad1 together with those for Max were transfected into various cell types, and luciferase assays were performed using reporter plasmids containing the core promoter (p181). In SiHa cells, Myc/Max introduction significantly activated hTERT transcription. Levels of activation differed depending upon the Myc:Max ratio used (Fig. 4A ). An increase in the Myc:Max ratio, keeping the total amounts of expression vectors constant, led to enhanced activation, and~5-fold activation was observed at a ratio of 10:1. No significant activation was observed with the introduction of only Max, while a 4-fold activation was observed with introduction of only Myc. The transactivation by Myc/Max was eliminated in reporter plasmids containing mutations in both E-boxes (MycMT1+2). In normal human keratinocytes, Myc/Max transactivated hTERT transcription more significantly (Fig. 4B) . However, unlike SiHa cells, this transactivation required both Myc and Max, and the highest degree of activation (~7-fold of the control) was observed with a Myc:Max ratio of 1:1. However, Myc/ Max activation was less significant in C33A cells (~2-fold activation; data not shown). These findings suggest that Myc/Max transactivates hTERT in a cell type-specific manner. We also examined the effects of Sp1 on transcriptional regulation using NHF and SiHa cells. Overexpression of Sp1 led to significant activation of hTERT transcription in both cells (Fig. 4C) . The effects of overexpression were more significant in NHF (4-fold activation) than in SiHa (2-fold activation) cells, possibly due to the difference in levels of constitutive Sp1 expression in the two cell types. These findings suggest that Sp1 also functions as a potent transactivator of hTERT.
In contrast, introduction of Mad together with Max significantly reduced hTERT transcription (Fig. 4D) . In C33A cells, 60% repression was observed with a 1:1 Mad:Max ratio. Mutations in both E-boxes completely eliminated this repression. Repression was also observed in other types of cells, but at lower levels (data not shown).
We further examined whether Myc/Max can activate hTERT transcription in the absence of Sp1. Myc/Max expression vectors were co-transfected into NHK cells together with reporter plasmids containing mutations in all Sp1 sites (Sp1MT1-5), and luciferase assays were performed. Only marginal activation was observed by Myc/Max (Fig. 4E) . Figure 1 . These reporter plasmids were transfected into C33A, ME180 and SiHa cells, and luciferase assays were performed. The luciferase activity of the p181 wild-type plasmid was normalized to 100, and the relative luciferase activity is shown.
These findings suggest that Myc/Max cooperates with Sp1 to activate hTERT transcription.
Correlation of Myc and Sp1 expression levels with transcriptional activity of hTERT
In our previous study, we showed that the transcriptional activity of hTERT varied among cell types (18) . Table 1 shows the relative transcriptional activity in each cell type. C33A and ME180 cells had the highest transcriptional activity [60-80% of the positive control (pGL3-Control)], while HeLa cells had a moderate one. SiHa cells exhibited the lowest transcriptional activity,~5-10% of that of C33A cells. Normal cells (NHK, HRCE, NHF and WI38) had essentially no significant transcriptional activity (<1% of positive control), although epithelial cells such as foreskin keratinocytes (NHK) exhibited detectable activity 10-fold more than that in fibroblast cells (NHF) (evaluated by fold activation compared with the pGLBasic negative control). Expression of c-Myc was examined in these cell lines by western blot analysis (Fig. 5) . The cancer cell lines with strong transcriptional activity (C33A and ME180) expressed the highest levels of c-Myc, while SiHa cells exhibited the weakest transcriptional activity. In normal epithelial cells (NHK and HRCE), Myc expression was modest, while normal fibroblast cells (NHF and WI38) exhibited weak levels of expression. In contrast to Myc, Max was constitutively expressed in both cancer and normal cells, but higher levels of expression were usually observed in cancer cells, especially C33A and SiHa cells. Sp1 expression was also examined. Strong expression of Sp1 was observed in cancer cell lines, while normal cells expressed low or faint levels of Sp1 except for NHK cells, with modest expression. These findings suggest the presence of a close correlation between Myc and Sp1 expression and levels of hTERT transcription.
We next examined the changes in Myc/Max and Sp1 expression during the process of cellular transformation using human fibroblast (RB) cell lineages. These lineages are at different levels of transformation following introduction of the SV40 LT (18) . Normal RB cells and SV40 LT-transfected RBSV cells are mortal, but the latter exhibit an extended lifespan. Neither transcriptional activation of hTERT nor telomerase activation was observed in these cells, as was reported in our previous study (Fig. 6) (18) . In contrast, RBI cell clones, which have overcome replicative senescence and obtained immortality, exhibited drastic increases in hTERT transcriptional activity as well as telomerase activity. Western blot analysis revealed weak levels of Myc and Sp1 expression in normal RB and RBSV cells, but significant up-regulation of Myc and Sp1 was obvious in RBI cells (Fig. 6 ). RBS and RBT clones at the more advanced stages of transformation also exhibited strong Myc and Sp1 expression. In contrast, Max levels were relatively constant throughout the process of transformation. These findings suggest that both Myc and Sp1 expression are up-regulated when normal cells are immortalized and telomerase is activated.
DISCUSSION
In the present study, we attempted to identify the cis elements of the hTERT core promoter essential for transactivation, and found that they are concentrated in the 5′-and 3′-regions, which bind Myc/Max and Sp1, respectively. The present study also demonstrated that Myc/Max and Mad/Max regulate hTERT transcription differently in a cell type-specific manner, and that transactivation by Myc/Max is achieved with the cooperative action of Sp1. In the course of this study, two published reports appeared documenting the role of c-Myc in activation of hTERT expression (28, 29) . We also found that levels of c-Myc and Sp1 expression were correlated with the transcriptional activity of hTERT in various cell types, and expression of c-Myc and Sp1 increased during malignant progression of fibroblast cells, in association with telomerase activity. Taken together, these findings suggest that c-Myc and Sp1 cooperatively function to activate hTERT transcription and up-regulation of these expressions might be critical for telomerase activation during carcinogenesis.
The cis-acting effect of E-boxes and the Myc or Max requirement for transactivation appear to vary among cell types. Deletion and mutation of E-boxes resulted in significant loss of transcriptional activity in C33A cells, but not in SiHa cells. In an overexpression assay, transactivation was achieved only with Myc in SiHa cells, while both Myc and Max were required for transactivation in normal keratinocytes. In C33A cells, expression of Myc and Max had only marginal effects on transactivation. This diversity in findings may be explained by differences in constitutive expression of Myc/Max among cell types. The present western blot analyses demonstrated strong Normal fibroblasts (RB) and transformants obtained by introduction of the SV40 LT were examined for expression of c-Myc, Max and Sp1 as well as transcriptional activity and telomerase activity. Myc, Max and Sp1 expression was examined by western blot analysis. β-Actin protein was measured to ensure even loading. The transcriptional activity in each lineage was examined by luciferase assay using reporter plasmid p1375. The transcriptional activity in RBT clones was normalized to 100, and the relative transcriptional activity is shown. The relative transcriptional activity of p1375 is shown for each lineage. Telomerase activity was examined by the TRAP assay.
expression of Myc and Max in C33A cells, but not in normal keratinocytes. In SiHa cells, Myc expression was weak despite strong Max expression. Thus, the cis-acting function of Eboxes may be exaggerated in cells with high levels of Myc/ Max, while overexpression of Myc/Max was effective in transactivation only in cells with low levels of their expression. These findings also suggest that high levels of Myc expression are required for transactivation of hTERT.
c-Myc and its network proteins are known to be oncoproteins. How are these proteins involved in telomerase activation during carcinogenesis? Overexpression of Myc is frequently observed in a wide variety of tumor types, and is usually caused by chromosomal translocation involving the c-myc gene as well as by gene amplification (30, 31) . A study by Hiyama et al. demonstrated a close association between a high level of telomerase activity and amplification of the myc locus in neuroblastomas (32) . Thus, up-regulation of Myc due to gene alterations, leading to subsequent activation of hTERT expression, may be one cause of telomerase activation in tumors. A number of in vitro and in vivo studies have demonstrated that Myc proteins exhibit transforming activity in cooperation with other oncoproteins (33) . Activation of hTERT may be one of the crucial functions through which Myc exhibits its transforming activity.
Recent studies have demonstrated telomerase activity in some types of normal somatic cells, such as endometrial cells, trophoblasts and hematopoietic progenitors (34) (35) (36) (37) . This activity is believed to be derived from stem cells, which are highly regenerative and have infinite proliferative capacity. There are several types of evidence that the telomerase activity in these cells is tightly linked to cell proliferation. Human endometrium expresses high levels of telomerase activity only in the proliferative phase in the menstrual cycle, in relation to estrogen levels (34, 36) . Human chorion expresses telomerase in the early stages of pregnancy, in which trophoblasts exhibit significant proliferation to form the placenta (35) . Hematopoietic progenitors also express telomerase activity upon mitogenic stimulation by agents such as phytohemagglutinin and IL-2 (37). The molecular mechanisms of this proliferationdependent telomerase activation have yet to be determined. Myc proteins play central roles in cell proliferation. The roles of Myc in cell cycle progression have been demonstrated in a large number of studies. One of the major mechanisms through which Myc acts as a cell cycle regulator is activation of G 1 cyclin-dependent kinases (CDKs), especially cyclin E/Cdk2 (38) . In this activation, Myc activates transcription of a direct target gene, Cdc25A, encoding a phosphatase that removes two inhibitory phosphates from Cdk2, converting the inactive form of cyclin E/Cdk2 to an active form (39) . Myc proteins thus play significant roles in cell cycle progression through G 1 phase by activating the target gene. In the present study, we have shown that c-Myc also targets the hTERT promoter and activates its transcription. The poliferation-dependent telomerase activation observed in normal cells might be at least in part explained by these binary functions of Myc proteins.
In contrast to Myc, Mad expression is observed in nonproliferating cells and is significantly induced upon cell differentiation (25) . It is well known that the Myc/Max complex is replaced by Mad/Max during the process of differentiation and during inhibition of cell growth (33) . In the present study, induction of Mad resulted in significant repression of hTERT transcription. These findings suggest that the switching function of Myc/Max and Mad/Max might also modulate telomerase activity associated with cell proliferation.
It has been demonstrated that TATA-less promoters still utilize TATA factors, and several factors have been proposed to help initiation of transcription from TATA-less genes (40) . Sp1 has been shown to tether TATA factors and to play significant roles in transcriptional initiation of TATA-less promoters (41) . The present study identified a 32 bp minimal promoter region around the transcription start site, which contains one Sp1 site, suggesting that Sp1 may be a compartment of basal transcription factors for hTERT. We also showed that each of the five Sp1 sites cooperatively functioned as a cis-acting element and abrogation of all Sp1 sites resulted in almost complete loss of transcriptional activity. In addition, Sp1 function was required for Myc-mediated activation of hTERT. The findings suggest a central role of Sp1 in activation of hTERT transcription. Although Sp1 is known to be a ubiquitous factor, more than 100-fold differences in its expression level have been found among cell types (42) . In the present study, we demonstrated that levels of Sp1 expression were much higher in cancer than normal cells, correlated with telomerase activity. Thus, despite its widespread expression, the level of Sp1 expression may be a critical determinant of telomerase activity not only in cancer but also in normal cells.
In the present study, we demonstrated the roles of Myc and Sp1 in transcriptional regulation of hTERT. However, the hTERT promoter is probably regulated by multiple elements, and the combined action of these will determine the final activity of the promoter. In addition, an increasing number of proteins have been found to interact with c-Myc (33) . Analyses of other cis elements essential for promoter regulation as well as of proteins that interact with Myc proteins may provide further insights into molecular mechanisms of telomerase regulation in normal cells and during carcinogenesis.
